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012.05.0Abstract The response of laterally loaded pile groups is a complicated soil–structure interaction
problem. Although fairly reliable methods are developed to predicate the lateral behavior of single
piles, the lateral response of pile groups has attracted less attention due to the required high cost
and complication implication. This study presents a simpliﬁed method to analyze laterally loaded
pile groups. The proposed method implements p-multiplier factors in combination with the horizon-
tal modulus of subgrade reaction. Shadowing effects in closely spaced piles in a group were taken
into consideration. It is proven that laterally loaded piles embedded in sand can be analyzed within
the working load range assuming a linear relationship between lateral load and lateral displacement.
The proposed method estimates the distribution of lateral loads among piles in a pile group and
predicts the safe design lateral load of a pile group. The beneﬁt of the proposed method is in its
simplicity for the preliminary design stage with a little computational effort.
ª 2012 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V.
All rights reserved.1. Introduction
Lateral response of piled foundations is important in design of
structures that may be subjected to lateral loads. The lateral
loads acting on piled foundations may be sustained, as earth
pressure on a retaining wall, or alternated, as from reciprocat-
ing machinery, or pulsated, as from the trafﬁc loading on a
bridge pier. Lateral loads are in the order of 10–15% of the ver-
tical loads in case of onshore structures, while this value may
exceed 30% in case of offshore structures [22]. The responsem (K.E. Gaaver).
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05of a laterally loaded pile is a complicated soil–structure interac-
tion problem; because pile deﬂection depends on soil reaction
and in turn soil reaction inﬂuences by pile deﬂection. Fairly reli-
able methods have been developed for predicting the lateral re-
sponse of single piles, since the pioneer works of Matlock and
Reese [15], and Broms [6]. Frechette et al. [10] reviewed the de-
sign methods for laterally loaded groups of drilled shafts and
compared between methods employing a group reduction fac-
tor and a p-multiplier. Kumar and Lalvani [13] analyzed the
nonlinear load–deﬂection behavior of laterally loaded piles
using p–y relationships. Full scale and centrifuge model tests
on pile groups have been conducted by Brown et al. [5], McVay
et al. [17], and Rollins et al. [28].
Laterally loaded pile groups may be analyzed using elastic
continuum approach [21], and group equivalent pile procedure
[19]. The p–y relationships, initially developed by Matlock [16],
have been used to model pile–soil interaction [24]. As a result
of the interaction between piles in a group, p–y relationship ofion and hosting by Elsevier B.V. All rights reserved.
Figure 1 Typical borehole in Damietta site.
122 F.M. Abdrabbo, K.E. Gaaversingle pile was modiﬁed to be implemented in pile group anal-
ysis. The modiﬁcations can be carried out by introducing p-
multiplier [19,28]. The p-multiplier concept is an effective pro-
cedure for implementing in pile group analysis; however un-
ique values of p-multiplier for a pile group are not
standardized. It is important to note that p–y relationship is
not a soil property, but rather pile–soil property [1].
In order to provide simple solutions to complex problems
such as lateral response of pile groups, various simpliﬁcations
are reported [31]. Some practical methods are based on trial
and adjustment processes, starting with a very simple approach
to obtain an approximate response. The process can then be
elaborated to some degree to narrow the margin of error. Very
elaborate calculation processes are not justiﬁed, because of the
non-homogeneity of most natural soil deposits and the soil dis-
turbance caused by installing process of piles. In recent years,
several simpliﬁed approaches for analysis of laterally loaded
single piles or pile groups have been developed that can be
used with little computational effort [14,7]. This paper presents
a proposed simpliﬁed method, for analyzing laterally-loaded
pile groups, using p-multipliers in combination with Winkler’s
model.
2. Geotechnical data of the site
In a construction site located at the Northeast of Nile River
Delta, Damietta free trade district, Egypt, lateral loading tests
on vertical single piles were conducted. These tests were done
to conﬁrm the design lateral working load of the constructed
piles. But the outputs of these tests cannot be used directly
to verify the design lateral load of the pile groups. The pro-
posed method was implemented to analyze the lateral behavior
of pile groups based on the results of lateral loading tests on
single piles. Before discussion of the proposed method, the ob-
tained soil stratiﬁcations and soil properties from geotechnical
investigation are presented.
Forty-eight mechanical boreholes were conducted at the
construction site up to 60 m depth. The retrieved soil samples
from the boreholes were classiﬁed in accordance with ASTM
D 2487. Fig. 1 illustrates the soil proﬁle through a typical bore-
hole at the construction site. The soil proﬁle consists of a top
layer of medium dense sand up to a depth of 15 m. This layer is
underlain by a thick layer of soft to medium normally consol-
idated clay, which is extending up to a depth of 36 m. At this
depth, a very dense sand bed was encountered and explored to
a depth of 60 m. The ground water table is at 1.0 m below the
ground surface. The shear strength parameters of the top sand
layer were interpreted from the average value of SPT. So, the
top sand has an average natural unit weight of 18 kN/m3, an-
gle of internal friction 37, and relative density of 70%. More-
over, the parameters of shear strength for clay and bottom
sand layers were measured using triaxial test apparatus. The
obtained soil parameters are shown in Fig. 1.
Bored piles, of 600 mm diameter, were constructed to be
seated at a depth of 40 m below the existing ground surface.
Each pile is reinforced by nine bars of 18 mm diameter of high
tensile steel, grade 36/52. The pile reinforcement is extending to
16 m below the ground surface. Pile groups are attached to pile
caps which are resting on the ground surface. As the pile is con-
sidered a ﬂexible pile, the safe design lateral load of the pile de-
pends on structural capacity of the pile cross section and theallowable lateral deﬂection at the pile head. Based on these de-
sign criteria, the safe design lateral load of single pile is 80 kN,
dominated by structural capacity of the pile cross section.
3. The proposed method
The aim of the proposed method is to estimate the distribu-
tions of lateral load among piles in a group. The pile behavior
under lateral loads depends upon the lateral stiffness of soil
and the pile stiffness. Poulos and Davis [21] showed that the
lateral stiffness of cohesionless soils increases linearly with
depth. In the analysis, the horizontal subgrade reaction (Kx(s))
at a depth (Z) below the ground surface within the top sand
layer is expressed as; Kx(s) = gh Æ Z, where gh is the modulus
of horizontal subgrade reaction of top sand layer. The value
of gh was considered equal to 16.346 MN/m
3 for a single pile
in the top sand layer. Reese and Matlock [25] suggested that
the horizontal subgrade reaction through cohesive soils should
be constant with depth. Also, Poulos and Davis [21] showed
that the horizontal subgrade reaction of clays does not change
with depth. Thus, a constant value of horizontal subgrade
reaction through the soft silty clay layer (Kx(c)) is considered.
It is signiﬁcant to mention that modulus of horizontal sub-
grade reaction is not a unique soil property, but depends on
pile characteristics and the lateral displacement of the pile.
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depth coefﬁcient (Zmax) were calculated as; T= (E Æ I/gh)
0.2,
and Zmax = (Lef/T), where E Æ I is the ﬂexural rigidity of the
pile as un-cracked section. The maximum value of depth coef-
ﬁcient (Zmax) was found to be about 6.36, which indicates that
the pile behavior is as a ﬂexible pile. So, the piles in a group are
considered ﬂexible piles embedded in a stratiﬁed soil. Hence
the lateral load may be resisted by soil lateral stresses devel-
oped along the top portion of the pile, which is called the effec-
tive pile length (Lef). One method of assessing the value of (Lef)
is by modeling a single pile as a beam in a soil. The soil is rep-
resented by an elastic uncoupled spring modulus. Lef is as-
sessed as the depth where the lateral deﬂection of the pile is
effectively zero. It is important to note that, the effective depth
of a single pile differs from the effective depth of a pile in a
group, due to interaction between piles in a group. The effec-
tive length (Lef) of a pile in a group was calculated by re-ana-
lyzing single pile but with softer springs. These spring moduli
were obtained by multiplying the spring modulus of the single
pile by p-multiplier values. This means that piles in a group
have different effective lengths. It is expected that as p-multi-
plier of the leading pile is bigger than p-multiplier of the trail-
ing pile, the effective length of the leading pile is shorter than
that of the trailing pile. It was established that halving the
(Kx(s)) value of the top sand layer produces insigniﬁcant
change in the response of laterally loaded single piles. There-
fore there is no appreciable difference of the effective length
of the piles within a group. Reese and Matlock [25] pointed
out that the accuracy of horizontal subgrade reaction (k) is
not critical. A 32 to 1 variation in (k) is required to produce
2 to 1 variation in the resulted bending moment. However, it
should be realized that the value of (k) is essential empirical.
But it may be vary with pile type, pile diameter, pile deﬂection,
type of loading, and rate of loading.
Using the aforementioned soil proﬁle and soil properties at
Demiatta free trade district, the effective depth of single pile
and for a pile within a group was founded to be about 16 times
the pile diameter. Clearly, the effective depth is less than the
depth of the top sand layer. So the lateral response of the piles
is governed by the properties of top sand layer.
Dimensionless relationships, developed by Reese and Mat-
lock [25], were used to determine the distribution of pile dis-
placements, bending moments, shearing forces, soil
resistances, and slope deﬂections along the effective length of
a single pile. The safe design lateral load of 80 kN is considered
at the pile head assuming ﬁxed head piles, without any free
length above the ground surface. For a single pile, gh was
implemented directly, while for a pile within a group gh was re-
duced due to shadowing effects. Consider a pile group conﬁg-
uration containing n-rows and m-columns of piles, the lateral
load is applied in a direction parallel to the row direction.
The shadowing effect depends upon the location of pile col-
umn within the group and the location of the pile within the
column. McVay et al. [17] concluded that in the same pile col-
umn, the middle pile develops slightly less lateral resistance
than the side piles because it is subjected to more substantial
shadowing effects. However, the authors showed that the dif-
ference is not signiﬁcant and no signiﬁcant error is developed
by assuming that all piles in the same column carry the same
lateral load. Consequently, the multiplier factor (p) for all piles
within a column was assumed to be the same value.To consider the effects of pile–soil–pile interaction in a
group, one identical row of piles is considered. The lateral load
is applied in a direction parallel to the row direction. A pile
within a group was analyzed as a single pile and the straining
actions along the pile were assessed for different values of ghp.
The obtained straining actions include the distribution of pile
deﬂections, bending moments, shearing forces, lateral soil
resistances, and slope deﬂections. The reduced value of hori-
zontal subgrade reaction (ghp) was obtained as; g hp = p Æ gh.
The values of p-multiplier factor were obtained from McVay
et al. [17], and Ooi et al. [19]. As a result, a database containing
pile deﬂections, bending moments, shearing forces, lateral soil
resistances, and slope deﬂections were formed for a single pile
embedded in ﬁctitious sand of different values of (ghp) and sub-
jected to different lateral loads. The database was formed with
the help of computer spreadsheets.
4. Analysis methodology
Once the database was compiled, the analysis of a laterally
loaded pile group can be carried out. Two case studies are con-
sidered in the analysis. In the ﬁrst case study, a pile group con-
ﬁguration containing n · m piles and subjected to certain
lateral load (PH) at the ground surface is considered. The lat-
eral load is applied in a direction parallel to the row direction.
The piles in the group are attached to a rigid pile cap, that is to
say the lateral displacements of all piles in the group at their
heads are equal. The properties and reinforcement of the piles
are mentioned in Section 2. The lateral load contributed by
friction between pile cap and soil is disregarded. So, the acting
lateral load is applied on piles in the group. The unknowns in
this case study are the load distribution among piles in the
group and the lateral displacement of the group at ground sur-
face. The piles are considered long ﬂexible piles. The relation-
ship between lateral applied load (PH) and lateral displacement
at the pile head (yG) is assumed to be linear. The elasticity ap-
proach for analysis of laterally loaded piles was considered by
Poulos [20], and Sogge [30]. Furthermore, this assumption will
be veriﬁed in the forthcoming sections.
Consider one identical row of piles, the load distribution
among piles in a group and the lateral displacement of the
group can be calculated as shown in the following steps:
1. The p-multiplier for each pile was assessed from docu-
mented literature. The leading pile has a bigger p-mul-
tiplier while the trailing pile has a smaller p-multiplier.
2. Entering an assumed value of lateral displacement (yG)
and the p-multiplier into the database, the lateral load
acting on a pile (Pi) in each column corresponding to
the assumed lateral displacement of the group (yG)
and the given speciﬁed p-multiplier was obtained.
3. If the sum of pile lateral loads (RPi) is equal to the
applied lateral load (PH) acting on the pile group, the
solution is obtained and the process is terminated.
4. If the sum of pile lateral loads (RPi) differs from the
applied lateral load (PH), the assumed pile group dis-
placement needs to be altered. This can be achieved
by applying a correction factor to both assumed pile
group displacement and loads on piles within the
group. This correction factor is equal the ratio between
the resulted (RPi) and the applied lateral load (PH).
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lateral displacement of the pile group.
6. Once the correction is achieved, the distribution of
bending moment, shear force, and soil pressure in each
pile in the group can be obtained from the collected
database.
In the second case study, the number of piles in a group is
known and the safe design lateral load of the single pile is also
known. It is required to determine the safe design lateral load
of the pile group. This case study represents a practical case in
which the safe design lateral load of single pile is evaluated and
veriﬁed by ﬁeld loading tests. Usually the pile group conﬁgura-
tions are assessed by knowing the vertical applied loads, verti-
cal working load of single pile, and group efﬁciency. Once the
pile groups are arranged, the capability of pile groups to sus-
tain lateral loads safely becomes essential. To tackle this prob-
lem, the value of p-multiplier for each pile in the group was
assessed. The properties and reinforcement of the piles are
mentioned in Section 2. Consider one identical row of piles,
the safe design lateral load of a pile group can be calculated
as shown in the following four steps:
1. Using the compiled database, the head displacement of
the leading pile (y1) was obtained corresponding to
horizontal subgrade reaction of (p1 Æ ghp) and lateral
applied load equal to design lateral load of the single
pile.
2. At the same displacement (y1) and horizontal subgrade
reaction of (p2 Æ ghp), the pile load for the second pile is
obtained.
3. The procedure is repeated for all piles in a row of the
group.
4. The design lateral load of a pile group is equal to the
sum of individual pile loads within the pile group.
The only drawback of the proposed method is that the load
of the leading piles is assumed equal to the design lateral load
of single pile but with a corresponding bigger displacement
compared to the displacement of individual pile. The p-multi-
plier of leading pile varies from 0.75 to 1.00 [28], and from 0.65
to 1.00 [19]. Truly at the same lateral displacement of a pile
group and single individual pile, the lateral load applied on
the leading pile in the group is smaller than single individual
pile.
5. Numerical example
Consider a group of three piles, each of 600 mm diameter in-
stalled in one row. This arrangement represents n · m pile
groups, where n= 1,2,3, etc. and m= 3, Fig. 2. Single verti-Figure 2 Pile arrangement, pile diameter = 0.60 m and
length = 40 m.cal pile was analyzed under a lateral load of 80 kN using rela-
tionships developed by Reese and Matlock [25]. Fixed head
pile was assumed, the resulted pile head displacement is
1.95 mm. It is required to determine the lateral load acting
on each pile in the group under an acting lateral load of
240 kN. The analysis was started by considering the p-multipli-
ers as 0.8, 0.4 and 0.3 for leading pile, middle pile, and trailing
pile respectively. These values were obtained by judgment from
values recommended by McVay et al. [17], Dodagoudar et al.
[8], Rollins et al. [29], Brown et al. [4], Ilyas et al. [12], Reese
et al. [27], Mokwa and Duncan [18], and FHWA [9]. The re-
ported data are for piles in all types of soil. The above cited lit-
erature indicated that, the p-multiplier for leading-column
piles varies from 0.60 to 0.93 with an average value of 0.79.
The p-multiplier for the second-column piles varies from 0.40
to 0.78 with an average value of 0.58. For the third-column
piles, the p-multiplier varies from 0.40 to 0.63 with an average
value of 0.46. For the fourth-column piles, the p-multiplier
varies from 0.40 to 0.68 with an average value of 0.52. The re-
ported values by Dodagoudar et al. [8] excluded values pub-
lished by McVay et al. [17], which the present analysis was
considered. Also the average value of p-multiplier reported
by Dodagoudar et al. [8] for the fourth-column piles is bigger
than the third-column piles. It is really difﬁcult to consider the
average values of p- multiplier due to different conditions of
interpreted values. Also, one should realize that p-multiplier
depends upon the value of (L/T).
The pile head lateral displacements of the piles under an
applied lateral load of 80 kN were assessed from the com-
piled database. The values of ghp equal to 0.8gh, 0.4gh and
0.3gh were considered for leading, middle, and trailing piles
respectively. Accordingly, the head lateral displacements of
leading, middle, and trailing piles are 2.23, 3.40, and
3.98 mm respectively. These lateral displacements violate the
boundary conditions at the pile heads. Therefore by assuming
that lateral deﬂection of the pile group at ground surface is
3.00 mm and each pile in the group exhibits this deﬂection,
the lateral loads of leading pile, middle pile, and trailing pile
are 107.62 kN, 70.58 kN, and 60.3 kN respectively. At this
stage, the sum of the lateral loads of the piles in the group
is 238.5 kN which is less than the applied lateral load of
240 kN. So the pile group displacement should be corrected
to be 3.019 mm to match with the applied load of 240 kN.
The corresponding acting loads on leading, middle, and trail-
ing piles become 108.28 kN, 71.04 kN and 60.68 kN respec-
tively. The sum of the pile loads in the group becomes
equal to the applied lateral load. The corresponding lateral
displacement of the group is 1.548 times the lateral displace-
ment of the single pile.
It is worth noting that 9-pile group arranged in a square
pattern exhibits the same lateral displacement under an acting
lateral load of three times of 240 kN. The shadowing approach
on which the piles in a row have no interaction effects on piles
outside this row is contradicted with the elastic approach. In
the elastic approach, the interaction factor between two piles
depends upon the angle in plan between the centers of these
two piles among other many factors [21]. Also, Randolph
[23] suggested an expression to estimate the interaction factors
between ﬁxed-head piles in a group. On the other hand, limita-
tions of the elastic approach to pile interaction under lateral
loading had been revealed from model tests on a centrifuge
carried by Barton [3].
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Simpliﬁed analysis of laterally loaded pile groups 125To estimate the safe design lateral load of (1 · 3) pile group,
the lateral load of the leading pile was assumed equal to the safe
design lateral load of the single pile, which is 80 kN. From the
compiled database and introducing p-multiplier of 0.80, the cor-
responding lateral displacement at the pile head of the leading
pile is 2.23 mm. By enforcing the piles in the group to exhibit
the same deﬂection, thus the lateral loads of the middle and
the trailing piles become equal to 52.49 kN and 44.83 kN respec-
tively. These values were obtained from the database using p-
multipliers for middle and trailing piles. The maximum bending
moments induced in leading,middle, and trailing piles under lat-
eral loads of 80, 52.49, and 44.83 kN respectively and corre-
sponding to p-multipliers of 0.80, 0.40, and 0.30 were obtained
from the compiled database. The structural capacity, expressed
as the bending capacity of the pile cross section, was calculated
and compared with induced values. It was found that the pile
cross section is capable to resist the induced moments safely. If
the pile cross section is incapable to resist the induced bending
moment, the process is repeated but with a small value of lateral
load on the leading pile. In ﬂexible piles, the dominant factor in
assessing the safe lateral load of single pile and pile group is the
structural capacity of piles. Consequently the safe design lateral
load of the pile group is 177.32 kN.
Nine-pile group arranged in a square pattern carries three
times the achieved value of lateral load, at the same value of lat-
eral displacement. The corresponding group reduction factor is
0.739, compared by 0.67 that was reported by Frechette et al.
[10]. This analysis indicated that the leading pile carries 45.1%
of the applied lateral loadacting on the pile group,while themid-
dle and trailing piles carry 29.6% and 25.3% respectively. The
corresponding lateral displacement of the group is 1.143 times
the lateral displacement of a single pile. McVay et al. [17] con-
ducted lateral tests on pile groups founded in sand in a centrifuge
machine. Their results indicated that, for 3 · 3 pile group the
percentage of lateral load carried by leading,middle, and trailing
pileswere 43.3%, 31.5%, and25.2%respectively in case of dense
sand. For loose sand, the corresponding values were 46.6%,
29.3%, and 24.1% respectively. A comparison between the re-
sults of pile load distribution obtained by the proposed simpli-
ﬁed method and the measured values revealed that results of
the proposedmethod are in good agreementwith the experimen-
tal results.
The only shortcoming of the proposed method is that the ef-
fect of spacing between piles in the group is not considered.
However, fromapractical point of view,most of designers prefer
to arrange the piles at minimum spacing in a group in order to
minimize the size of the pile cap. Thus the proposed method is
suitable to be implemented for pile groups having practical spac-
ing of 2.5–3 times the pile diameter. In this situation it is impor-
tant to note that the effect of spacing between piles on the lateral
response of a pile group can be considered, if p-multiplier data-
base is developed for pile groups of different spacing.6. Justiﬁcation of the assumptions
The proposed method is based on linear relationship between
lateral load and lateral displacement at pile head, which was
conﬁrmed by McVay et al. [17], Yang and Liang [32], Gaaver
[11], and ﬁeld test results presented in Figs. 3 and 4. Fig. 3
presents results of a test pile of 600 mm diameter and 40 m
length installed at the site located at Northeast side of NileRiver delta, having the same succession of soil strata as given
before in Section 2. Fig. 3 illustrates a good agreement between
theoretical p–y relationship and the experimental values up to
the design lateral load of 80 kN.
In another construction site nearby Alexandria city, Egypt,
two ﬁeld pile loading tests were conducted on two individual
piles. Fig. 4 presents the achieved test results. Prior to pile con-
struction, eight boreholes were conducted at the site up to 20 m
below the ground surface. Retrieved soil samples from bore-
holes indicated that the soil consists of a top layer of silty clay
with sand up to 9.5 m depth. The top layer overlies sandstone
up to 20 m depth, Fig. 5. The shearing parameters of top layer
were measured using direct shear box apparatus on undis-
turbed samples. The obtained parameters are shown in
Fig. 5. Cast in place auger piles of 500 mm diameter and
13 m depth below the ground surface are constructed in the
site. The design working lateral load of the pile is 60 kN and
the test load 120 kN. The lateral load was applied at the
ground surface. Cleary test (2) in Fig. 4 demonstrates that
the relationship is linear up to 100 kN. At the same time, test
(3) shows that the relationship is almost linear, without any
appreciable residual displacement. Taking the case of a vertical
pile, the lateral loading on the pile head is initially carried by
the soil close to the ground surface. At a low load level, the soil
compresses elastically but the lateral movement of the pile is
sufﬁcient to transfer some additional incremental loads from
the pile to the soil at a greater depth. At a further stage of load-
ing, the soil yields plastically and transfers its load to greater
depths. Therefore linear analysis of laterally loaded piles is
considered as a good simulation of real behavior of piles under
lateral loads within the working load range.
It is worth noting that the tested piles in the two sites were
constructed by boring the soil and cast in situ concrete. There-
fore, there is a complete contact between the formed pile and
the surrounding soil especially near ground surface. The gap
Figure 5 Typical borehole in Alexandria site.
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126 F.M. Abdrabbo, K.E. Gaaverthat may be formed near ground surface between the pile and
the surrounding soil during pile construction as well as the non-
linearity of soil stiffness are the main causes of nonlinearity re-
sponse of a laterally loaded pile at small values of lateral loads.
The proposed method was also based on that the lateral
resistance of a pile in a group is a function of column location
belonging to that pile, rather than location within a column of
piles, contrary to expectation based on the elastic theory. Rol-
lins et al. [28] and McVay et al. [17] conﬁrmed the above
assumptions. Validation of the proposed method is presented
in Figs. 6a and 6b. The horizontal subgrade reaction was con-
sidered to be increased linearly with depth, from zero at the
ground surface to (gh) at depth 15 m below the ground surface.
Selected value of horizontal subgrade reaction was used along
with the compiled database to predict the distribution of bend-
ing moment along the single individual pile. A comparison be-
tween the obtained distribution of bending moment and the
measured values by Rollins et al. [28] indicated that the se-
lected value of horizontal subgrade reaction overestimated
the maximum bending moment induced in the single pile up
to 17%, while LPILE [26] and SWM [2] methods underesti-
mated the induced values up to 20%. Cleary the horizontal
subgrade reaction can be used for pile group analysis. The in-
duced bending moment in a pile within a group depends upon
the location of the pile in the group.
According to the proposed method, the distribution of the
bending moment can be obtained by analyzing single individual
pile using softening modulus of subgrade reaction that can be ob-
tained by implementing p-multiplier to (gh) in order to get (ghp).
The effects of p-multiplier on induced bendingmoment and the lat-
eral displacement at pile headare shown inFigs. 7a and7b.The ap-
plied lateral load at the pile head is 80 kN, while the horizontal
subgrade reaction is increasing with depth from zero at the ground
surface to a value of 163 MN/m3 at depth 15 m below the ground
surface.Thepilediameter is 600 mm.Asp-multiplierdecreased, the
soil gets soft and consequently the pile head deﬂection and the
bending moment increased linearly.7. Conclusions
This paper presents a simpliﬁed method for the analysis of pile
groups subjected to lateral loads. The suggested method imple-
ments p-multiplier factors in combination with the horizontal
modulus of subgrade reaction. Interaction effects in closely
spaced piles in a group were taken into consideration. The pro-
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Figure 7a Bending moments versus p-multiplier.
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Figure 7b Lateral displacement at pile head versus p-multiplier.
Simpliﬁed analysis of laterally loaded pile groups 127posed method estimates the distribution of lateral loads among
piles in a group and predicts the safe design lateral load of a
pile group. The study showed that, laterally loaded piles in
sand can be analyzed within the working load range assuming
a linear relationship between lateral load and lateral displace-
ment at pile head. The induced maximum bending moments
and lateral displacements at pile head of laterally loaded piles
decreased linearly as the values of p-multiplier increased. Fi-
nally, the study indicates that the effective depth of a ﬂexible
laterally loaded pile embedded in cohesionless soil is about
16 times the pile diameter.
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